Abstract Despite airborne microorganisms representing a relevant fraction of atmospheric suspended particles, only a small amount of information is currently available on their abundance and diversity and very few studies have investigated the environmental factors influencing the structure of airborne bacterial communities. In this work, we used quantitative PCR and Illumina technology to provide a thorough description of airborne bacterial communities in the urban area of Milan (Italy). Forty samples were collected in 10-day sampling sessions, with one session per season. The mean bacterial abundance was about 10 4 ribosomal operons per m 3 of air and was lower in winter than in the other seasons. Communities were dominated by Actinobacteridae, Clostridiales, Sphingobacteriales and few proteobacterial orders (Burkholderiales, Rhizobiales, Sphingomonadales and Pseudomonadales). Chloroplasts were abundant in all samples. A higher abundance of Actinobacteridae, which are typical soil-inhabiting bacteria, and a lower abundance of chloroplasts in samples collected on cold days were observed. The variation in community composition observed within seasons was comparable to that observed between seasons, thus suggesting that airborne bacterial communities show large temporal variability, even between consecutive days. The structure of airborne bacterial communities therefore suggests that soil and plants are the sources which contribute most to the airborne communities of Milan atmosphere, but the structure of the bacterial community seems to depend mainly on the source of bacteria that predominates in a given period of time.
Introduction
Airborne particulate matter (PM) is a complex and dynamic mixture of components having different origins, both inorganic and biological, as well as different chemical and physical properties (Putaud et al. 2004 ). In the last decade, a large number of studies have investigated the risks that PM poses both to human health and ecosystem functions (Samet et al. 2006 ), but most of these studies have typically focused on the non-biological fraction of suspended particles (Colbeck and Lazaridis 2009) . In recent years, interest has grown also in the biological fraction of PM (bioaerosols) (Jones and Harrison 2004) , boosted by an increasing amount of evidence suggesting that this fraction may play a critical role in the effects of PM on biological systems (D'Amato 2002; Finnerty et al. 2007; Jaenicke 2005; Moorman et al. 2011) . Bioaerosols have negative effects on human health and ecosystem functioning, by determining, for example, tissue inflammation (Camatini et al. 2010 ) and the spread of plant, livestock and human pathogens (Hirano and Upper 1983; Pillai and Ricke 2002) . Such effects are exacerbated Electronic supplementary material The online version of this article (doi:10.1007/s00253-012-4450-0) contains supplementary material, which is available to authorized users.
in urban areas, where the atmosphere is enriched in PM. Interest has therefore grown in the study of atmospheric pollution of urban areas, and recent studies have provided evidence for a larger impact of urban air pollution on human health than previously hypothesised (Gouveia and Maisonet 2006) .
Bioaerosols have a diverse composition. Fungal spores, pollens and dust mite allergens have been studied in detail (Beggs and Kerr 2000) , while the diversity of airborne bacteria and their potential sources remain poorly investigated (Bowers et al. 2009 (Bowers et al. , 2011 Maron et al. 2005 Maron et al. , 2006 Womack et al. 2010 ). In addition, it has only recently been acknowledged that both the potential sources of PM and the possible dynamics of bacterial populations in the atmosphere may influence the spatial and temporal variation in airborne bacterial community structure (Franzetti et al. 2010) . Therefore, there is a deep gap in the knowledge of the structure and dynamics of airborne bacterial communities and in the ecological factors that drive their structure. It is also worth noting that it is even unclear whether airborne bacteria are an actual ecological community, with the different populations growing and interacting in the atmosphere, or if they are simply a pool of organisms passively gathered together from different sources (Bowers et al. 2011) . For this reason, in this paper, the term "bacterial community" is used to refer to the ensemble of bacterial groups present in the atmosphere, without necessarily implying the existence of dynamics and interactions between bacterial populations in this environment. Besides bacteria, PM of vegetable origin represents a considerable fraction of bioaerosols. Chloroplasts are revealed by the same analytical tools used for the analyses of airborne bacterial communities (e.g. massive parallel sequencing, see below), and their abundance provides information on the abundance of PM of vegetable origin. Plants, on the other hand, are one of the main sources of airborne bacteria, so that the relative abundance of chloroplast sequences among bacterial ones may provide information on the potential sources of airborne bacteria (Brodie et al. 2007) . For this reason, in the present work, chloroplast abundance was always included in the analyses, and the term "bacterial community" was used to refer in short to the ensemble of bacteria and chloroplasts observed in a sample of PM, despite that a portion of the community that was analysed was not bacteria.
Very little information is available regarding the total amount of bacteria present in the atmosphere at a given place and time because this datum is technically difficult to determine, mainly due to limitations of microscopy techniques (Bowers et al. 2010 (Bowers et al. , 2011 . Culture-based microbiological methods have been the standard investigation procedure for a long time (Fang et al. 2007; Lighthart and Shaffer 1995a, b) , despite the fact that it was well-recognised that they can capture only a small portion of the total microbial diversity (Pace 1997; Peccia and Hernandez 2006) . As a result, the number of studies which have applied culture-independent techniques to the study of airborne bacteria is still limited. For example, such methods were used to assess the diversity of bacteria associated with small-sized particles during dust events (Polymenakou et al. 2008) and to characterise the spatial and temporal variations of bioaerosols in different geographical localities and/or different land uses (Angenent et al. 2005; Bowers et al. 2009 Bowers et al. , 2010 Bowers et al. , 2011 Brodie et al. 2007; Franzetti et al. 2010; Frohlich-Nowoisky et al. 2009 ). However, the potential of culture-independent molecular methods, such as quantitative PCR (qPCR), rRNA gene sequencing and hybridisation (i.e. PhyloChip) and massive parallel sequencing technologies, for quantifying and describing the total diversity and composition of microbial communities has not yet been fully exploited (Bowers et al. 2010; Rinsoz et al. 2008) . Among these methods, the Illumina technology can reveal unprecedented diversity from even the most complex microbial environments (Claesson et al. 2010) , and it is therefore a promising tool to investigate airborne bacterial communities and to contribute filling the gaps in the current knowledge of their structure and dynamics.
In this work, the Illumina technology and qPCR were used to provide a thorough description of airborne microbial communities in the urban area of Milan (Northern Italy). Samples were taken in 10-day sessions equally distributed across the different seasons in order to describe both shortand long-term variations in bacterial community structure and composition. The aims of the present study are therefore threefold: (1) to deeply characterise the abundance and diversity of airborne microbial populations in this urban area, (2) to disentangle short-term (days) and seasonal variation of microbial communities and (3) to identify the potential sources of the bacteria present in the atmosphere of this urban area.
Materials and methods

Sample collection and DNA extraction
Total suspended particulate matter (TSP) was sampled on quartz fibre filters (Whatman, Maidstone, England) with a high-volume sampler (ECHO HiVol, TCR TECORA, Milan, Italy) and a flux speed of 250 Lmin −1 . The sampling campaigns were carried out in 2010 in 10-day periods in the four seasons as follows: 22 February-4 March, 24 May-3 June, 23 August-3 September, and 24 November-4 December. Each collection period lasted 24 h. The sampler was located in Milan, Italy (45°31′20″ N, 9°12′45″ E), in a typical urban area in the northern part of the city near a high-traffic road. The characteristics of the sampling site have been previously described (Gandolfi et al. 2011) . The sampler was placed approximately 20 m from the nearest roads and 50 m from the nearest traffic lights. TSP sampling was performed at approximately 1.5 m from the ground. Total bacterial DNA was extracted directly from a quarter of each filter using the FastDNA Spin for Soil Kit (MP Biomedicals, Solon, OH, USA). Individual filter portions were cut into small pieces and loaded into the bead tube of the DNA extraction kit, after adding 1 M CaCO 3 in order to increase the pH, and then shaken at 200 rpm for 60 min. The remaining steps of the DNA extraction were performed according to the manufacturer's instructions.
Quantitative PCR
The abundance of airborne bacteria was estimated by the quantification of the number of copies of the gene 16S rRNA. This parameter is not directly related to cell number due to the presence of multiple ribosomal operons in the bacterial genomes; however, it can be used to look at relative shifts in microbial biomass as the bias in copy number is likely constant across samples. A 466-bp fragment of the bacterial 16S rDNA (331-797 according to Escherichia coli position, V3 and V4 hypervariable regions) was PCR-amplified with a universal primer set (Nadkarni et al. 2002) . The PCR was performed in a total volume of 20 μL using the FluoCycleII Sybr reaction mix (Euroclone, Pero, Italy) with 0.3 μM (final concentration) forward and reverse primers. One microlitre out of the 85 μL extracted from the filter was used as the template. The amplification was carried out under the following conditions: 95°C for 4 min, followed by 40 cycles of 95°C for 15 s, 60°C for 30 s and 72°C for 30 s, with acquisition of the fluorescence at the end of each 72°C elongation step. Genomic bacterial DNA used for standard concentration curves was extracted from pure cultures of E. coli K-12 substr. DH10B. The strain contains seven copies of the gene 16S rRNA (accession number: NC_010473) (Durfee et al. 2008) . The amount of extracted standard DNA was measured with a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies). The standards and the samples were included in triplicate in each run.
16S rRNA fragment libraries by Illumina Genome Analyser IIx
The V5-V6 hypervariable regions of the 16S rRNA gene were PCR-amplified for Genome Analyser IIx sequencing. The PCR was performed in 3× 75-μL volume reactions with @Taq® Hot start Taq polymerase (Euroclone, Pero, Italy), 4 mM MgCl 2 , 0.2 mM dNTPs mix and 1 μM of each primer. The 783F and 1046R primers were used (Huber et al. 2007; Wang and Qian 2009 ) and the cycling conditions were as follows: initial denaturation at 94°C for 5 min; 29 cycles at 94°C for 50 s, 47°C for 30 s and 72°C for 30 s and a final extension at 72°C for 5 min. At the 5′ end of the 783F primer, one of eight 6-bp barcodes was also included to allow sample pooling and subsequent sequence sorting (see below and Table S1 ). The amplified products of 288 bp were purified with the Wizard SV PCR Purification Kit (Promega Corporation, Madison, WI, USA) and DNA quantity and purity was evaluated spectrophotometrically using NanoDrop™ (Thermo Scientific, USA). Multiplexed samples were prepared with the Illumina Multiplexing Sample Preparation Oligonucleotide Kit, which provides 12 index oligos for pooling up to 12 samples per lane. Therefore, our customised tagging system with eight barcodes at the 5′ end of the 783F primer allowed pooling up to 96 samples per lane. Sequencing of all the pooled samples was performed on a single Illumina GA-IIx lane, using a paired-end 76-bp protocol and the 4.0 sequencing chemistry. Illumina Real Time Analysis software version 1.8.7 was used to perform the cluster extraction and base-calling processing analyses. The Illumina GA-IIx sequencing was carried out at the Department of Clinical and Preventive Medicine, University of Milano-Bicocca, Italy.
Sequence analyses
Each sequence was assigned to its original sample according to its index oligo and barcode. After sorting, the reverse read of each paired-end sequence was reverse-complemented and merged with the corresponding forward read, inserting 20 Ns in between (Claesson et al. 2010) . A quality cutoff was applied in order to remove sequences (1) that did not contain the barcode and (2) with an average base quality value (Q) lower than 30. The barcode was removed from sequences before further processing. The source code used for sequence processing is available upon request to the authors.
The taxonomic attribution of filtered sequences was carried out using the stand-alone version of RDP Bayesian Classifier, using a 50 % confidence level as suggested for sequences shorter than 200 bp (Claesson et al. 2009; Wang et al. 2007 ). Operational taxonomic units (OTUs) were defined by the RDP classifier, considering the fourth taxonomic level, which in most cases corresponded to Order. Recent papers demonstrated that short sequences of hypervariable regions of 16S rRNA gene provide enough variability to capture the differences in the structure of bacterial communities (Caporaso et al. 2012; Claesson et al. 2009; Jeraldo et al. 2011 ).
Environmental factors
Meteorological data and particulate matter concentration
Daily average temperature, wind speed at ground level and relative humidity for Milan in the nearest meteorological station in the city, as well as the concentrations of PM smaller than 10 μm (PM10) and smaller than 2.5 μm (PM2.5) in three different urban stations during sampling periods were retrieved from the Agenzia Regionale per la Protezione dell'Ambiente (Regional Agency of Environmental Protection, ARPA Lombardia) and are available at http://ita.arpalombar dia.it/meteo/dati/richiesta.asp.
Analysis of inorganic ions
A portion of the filter used to collect PM was dissolved in MilliQ® water in an ultrasonic bath and analysed by ion chromatography (Dionex DX500 system) to determine the water-soluble inorganic ion concentration (Na + , NH 4 + , Mg 2+ , Ca 2+ , F − , Cl − , NO 3 − and SO 4 2− ) as described by Squizzato et al. (2012) .
Statistical analyses
The concentrations of PM10 measured on the same day at three different weather stations in Milan were highly repeatable (r0 0.953, F 39,72 057.70, P<0.001) and were therefore averaged within each day. Missing data on the concentration of PM2.5 were imputed by regressing PM2.5 concentrations on PM10 concentrations (see SI Section 1.1.1 for further details).
A hierarchical cluster analysis of the relative abundance of OTUs was performed with the HCLUST procedure in R 2.8.1 (R Development Core Team 2008) with the complete linkage method on the Hellinger distance between sites. This distance depends on the difference in the proportion of OTUs between samples, decreases the importance of OTU abundance over occurrence and avoids the double-zero problem when comparing species composition between samples (De Cáceres et al. 2010; Legendre and Legendre 1998) .
Principal component analysis (PCA) on Hellingertransformed community data (Legendre and Gallagher 2001) was used to visualise the changes in airborne bacterial community among seasons. Similarly, changes in meteorological data and ion and PM concentrations in the atmosphere (hereafter "air and PM factors" for brevity) were visualised by means of PCA on normalised variables. PCA analyses were performed with the BIODIVERSITYR package (Kindt and Coe 2005) in R.
The analysis of similarity (ANOSIM) was used to assess the difference in OTU composition between samples collected in different seasons. Pairwise ANOSIM was used to investigate differences in airborne microbial communities between seasons. P values of pairwise ANOSIM were corrected according to the Bonferroni procedure to account for multiple statistical tests. Similarly, differences in air and PM factors between seasons were assessed with ANOSIM tests on the Euclidean distance between normalised variables. ANOSIM was performed with the VEGAN package (Oksanen et al. 2009 ) in R. See SI Section 1.1.2 for further information about ANOSIM.
Hellinger-transformed OTU relative abundances were related to air and PM factors by multivariate regression tree (MRT) analysis using the MVPART package (Therneau et al. 2007 ) in R. The best tree was chosen as the smallest tree whose crossvalidated relative error (CVRE) was within 1 standard error of the CVRE of the best tree (Borchard et al. 2011) . The difference in OTU relative abundance among groups identified by the MRT analysis was tested by ANOVA. P values were corrected for multiple testing according to the false discovery rate (FDR) procedure (Benjamini and Yekutieli 2001) using the MULTTEST package in R.
Short-term variation in the structure of bacterial communities and in air and PM factors was investigated on one hand by Mantel tests and Mantel correlograms between the matrix of the Hellinger distances of bacterial communities or by the matrix of the Euclidean distances between normalised air and PM factors, and on the other hand by the difference in days between samples taken during each 10-day period (see SI Section 1.1.3 for further details). Goodness-of-fit Mantel tests (sensu Legendre and Legendre 1998) were used to compare variation in bacterial community structure among samples taken in the same season (within-season variation) and among samples taken in different seasons (between-season variation). Mantel tests were performed using the ECODIST package (Goslee and Urban 2007) in R, and P values were corrected according to the FDR procedure.
Sequence data
De-multiplexed fastq-formatted DNA sequences are available on Sequence Read Archive, with the study accession number ERP001381 (http://www.ebi.ac.uk/ena/data/view/ERP001381).
Results
Quantification of airborne bacteria
The mean number of copies of the 16S rRNA gene, which was used here as a measure of microbial biomass (see the "Materials and methods"), was 1.7 (0.3 SE)×10
5 ribosomal operons per m 3 of sampled air. An ANOVA model disclosed significant differences in microbial biomass among seasons (F 3,26 05.11, P00.005; Fig. 1) , and a post hoc test (Tukey method) revealed that winter samples contained significantly less bacterial biomass than spring (t 36 0−2.91, P00.030) and summer (t 36 0−3.70, P00.004) samples.
Microbial community structures
A total of 271,587 sequences that passed the quality filter were obtained from sequencing. The number of sequences of each sample ranged from 765 to 26,187. A total of 107 OTUs were detected across the 40 collected samples. Among them, 16 OTUs represented more than 1 % of the total number of the obtained sequences in at least one sample (most abundant OTUs). In each sample, 26.7 to 39.0 % of the sequences could not be classified and were discarded from subsequent analyses.
The taxonomic classification of bacteria based on the fourth taxonomic level is shown in Fig. 2 . Each community was dominated by few taxa throughout the year, with a marked prevalence of Actinobacteridae, Clostridiales, Sphingobacteriales and a few proteobacterial orders (Burkholderiales, Rhizobiales, Sphingomonadales and Pseudomonadales). A relevant fraction of chloroplasts were also detected in all samples.
On average, there was no significant difference either in the number of OTUs detected in different seasons (F 3,36 0 0.05, P00.99) or in the Shannon-Weaver diversity index calculated from the OTU number detected at each sample (F 3,36 01.41, P00.26) ( Table 1) .
The clustering analysis based on the relative abundance of the OTUs showed two main clusters (Fig. S1 ). Qualitatively similar results could be obtained from an analysis restricted to the most abundant OTUs (Fig. S2) . The OTU clustering separated the spring (cluster A- Fig. S2 ) and autumn samples (cluster B- Fig. S2 ) into different clusters, while the winter and summer samples were scattered in the two different clusters.
On the PCA plot, the points representing the microbial communities of autumn and spring samples formed clearly separated clusters, whereas those of winter and summer samples largely overlapped with each other and with both the clusters of autumn and spring samples (Fig. 3a) . Almost identical results were obtained from the PCA restricted to the most abundant OTUs (Fig. S3) .
The ANOSIM showed overlapping, albeit significantly different, microbial communities between the four seasons, both in the analysis including all of the OTUs (global R0 0.255, P<0.001) and in that restricted to the most abundant OTUs (global R00.283, P<0.001). Pairwise tests showed that autumn communities were different, albeit with some overlap from spring communities (R00.669, P Bonf 00.001), and overlap but were still separable, from summer and winter communities (R≥0.361, P Bonf ≤0.002). Conversely, spring, summer and winter communities were practically inseparable (R≤0.116, P Bonf ≥0.284). Identical results were obtained in post hoc tests conducted on the analysis restricted to the most abundant OTUs (details not shown).
In general, all physical characteristics of air and PM differed between seasons ( Table 1 ). The PCA plot based on standardised air and PM factors showed that the autumn and winter samples were well separated from the spring and summer samples. This interpretation was supported by ANOSIM (R00.692, P00.001). In fact, no significant difference in air and PM factors was found between the winter and autumn samples (R00.252, P Bonf 00.056) or between the spring and summer ones (R00.153, P Bonf 00.256). All other comparisons showed clearly separated groups (R≥ 0.718, P Bonf ≤0.001).
MRT analysis showed that airborne microbial communities were separated mainly by the average daily temperatures. Samples collected on days with an average temperature <+6.32°C formed a separate cluster with respect to those collected on days with temperature ≥+6.32°C. This classification separated all of the autumn samples and three of the winter samples (1, 2 and 7; Table S2 ) from the others. The MRT analysis restricted to the most abundant OTUs consistently showed separation of samples according to a mean daily temperature higher or lower than +6.32°C (Figs. 4 and S4) .
In particular, the abundance of two OTUs significantly differed between samples collected on days with temperature higher or lower than +6.32°C (P FDR 00.008, both in the analysis conducted on all of the OTUs and in that restricted to the most abundant ones): Actinobacteridae were significantly more abundant in samples collected on cold days, while chloroplasts were significantly more abundant in samples collected on warm days (Fig. 5 ).
Short-term temporal variation of community structure Mantel tests revealed no significant correlation of Hellinger distances between communities and the number of days between samplings within the same season (r M ≤ 0.215, P FDR ≥0.199). Similarly, Mantel correlograms disclosed no significant temporal autocorrelation between samples taken at different time lags within the same season (|r M |≤0.441, P FDR ≥0.067). The same analyses conducted for Euclidean A goodness-of-fit Mantel test indicated that bacterial communities within a single season were significantly more similar (less distant) than those sampled in different seasons (r M 0−0.206, P < 0.001). In particular, goodness-of-fit Mantel tests comparing the distance between communities sampled within each season and those sampled in all the others indicated that significance of the overall test arose because summer communities were significantly more similar to each other than to those sampled in the other seasons (summer: r M 0−0.225, P FDR <0.001). Conversely, communities sampled during the other seasons were equally dissimilar to those collected during the same or in other seasons (|r M |≤ 0.123, P FDR ≥0.119).
Discussion
Seasonal variability of airborne bacterial abundance
In this study, we determined the abundance of airborne bacteria in an urban area of Northern Italy across the four seasons by a culture-independent technique, namely qPCR. The observed values ranged from 3.3×10 3 to 1.0×10 6 ribosomal operons per m 3 (Fig. 1) , with a significantly lower mean abundance in winter than in spring and summer. These values are much larger than those reported in the only other Fig. 2 Taxonomic classification of the sequences using an RDP Bayesian classifier (50 % confidence) at the fourth taxonomic level. Unclassified sequences were omitted from the figure study that used qPCR technique on the same PM dimensional fraction by Lee et al. (2010) in Seoul (South Korea) and in previous culture-based reports from urban areas (Bovallius et al. 1978; Fang et al. 2007 ). However, these latter values may have been underestimated due to cultivation biases (Peccia and Hernandez 2006) . In fact, higher values of bacterial concentration were obtained in more recent studies that applied culture-independent methods (Bowers et al. 2009 (Bowers et al. , 2010 (Bowers et al. , 2011 Lee et al. 2010; Maron et al. 2005) . However, the limited number of these studies, the use of different techniques (qPCR or direct microscopic count) and the different PM fractions investigated hampered direct comparisons with the results from the present study. In addition, in those studies, no Bowers et al. (2011) observed a significantly higher abundance of bacteria in summer than in winter for PM2.5 in Detroit and Cleveland (USA), where the annual variation in temperature is generally similar to that in Milan. It could be speculated that the lower abundance of bacteria in winter might therefore be due to a reduced release from plant, soil and water sources, and to climatic conditions that are less favourable for bacterial growth during the winter season both in Milan and in the US Midwestern cities.
Seasonal and short-term variability of community structure Differences were found in the structure of bacterial communities sampled across different seasons. In particular, microbial communities were similar during the winter, spring and summer, while the autumn communities were different from those observed in the other seasons. In fact, the ANOSIM clearly separated the communities of samples collected in the coldest period (autumn, 24 November-4 December) from those of other seasons. In addition, MRT analysis disclosed a significant difference in the structure of microbial communities sampled on days when the mean temperature was above or below +6.32°C, with more Actinobacteridae and less chloroplasts in samples collected on days colder than +6.32°C. It is worth noting that all of the autumn days in this dataset had a lower mean temperature than +6.32°C. These findings are in agreement with the results of most of the previous studies conducted in different parts of the world, which consistently showed seasonal variability in bacterial communities (Bowers et al. 2010 (Bowers et al. , 2011 Brodie et al. 2007; Fierer et al. 2008; Polymenakou et al. 2008 ). However, very few studies were able to identify a single meteorological factor that affects the structure of microbial communities (see, e.g. Brodie et al. 2007; Maron et al. 2006) . This suggests that the seasonal variability in bacterial communities is probably due to the combined effects of differences in several meteorological factors, the chemical composition of particulate matter and the relative importance of the main sources of the air particles, rather than to temperature per se. Over a shorter timescale, no indication of temporal autocorrelation was found in the structure of bacterial communities. In addition, only summer communities differed from each other less than those collected in other seasons, while communities sampled during the other seasons were equally dissimilar to those collected during the same or in other seasons. The similar structure of summer communities might be due to the stability of the air and PM factors in this season, which also appears to be true from the PCA plot. Indeed, in this plot, which explained more than 90 % of the total variance, summer samples were closer to each other than those of the other seasons (Fig. 3b) . The large variation in bacterial community composition even within a few days observed in the other season is, however, not surprising, as previous studies reported an even larger variability both intra-day and intraweek (Fierer et al. 2008; Maron et al. 2006) . Airborne bacterial communities seem therefore to be influenced mainly by the predominant source of bacteria rather than by an intrinsic ecological dynamic, as they do not seem to show an ecological succession with time. Alternatively, temporal variations in community structure, if any, may occur over longer time periods than the 10 days investigated in the present study.
Potential sources of bacteria and differences in the structure of bacterial communities associated with different PM size fractions
The observed seasonal differences in bacterial communities and a general knowledge of the ecology of the dominant bacterial taxa allowed speculation about the relative importance of different potential sources of airborne bacteria in different seasons (Fierer et al. 2008; Franzetti et al. 2010) . Plants are probably the main source of bacteria found in the atmosphere in warm seasons, as suggested by the abundance of plant-associated bacteria, such as Sphingomonadales and Rhizobiales, and the high number of chloroplast sequences retrieved in samples collected in warm periods. Conversely, soil-inhabiting bacteria, such as Actinobacteriales, Pseudomonadales and Burkholderiales, prevailed in the atmosphere during cold seasons.
The observed variability in the composition of bacterial communities was lower than that reported in a previous study on the finer PM fractions (Franzetti et al. 2010) . In fact, a strong seasonal shift in bacterial community composition had been observed on PM10 and PM2.5 in the same sampling location in Milan (Franzetti et al. 2010) . In the present study, which in contrast is focused on TSP, the seasonal differences were less exacerbated, thus suggesting that airborne bacterial communities associated with different dimensional fractions of PM may differ. In fact, in the present study, which was focused on TSP, Actinobacteridae were the most abundant taxon and Burkholderiales were among the dominant taxa throughout the whole year (Fig. 2) . On the contrary, in the previous study, which focused on PM10 and PM2.5, Actinobacteridae were the dominant taxon only in the winter and were observed at a very low abundance in the summer. In addition, only a few Burkholderiales were found in both seasons, while Sphingomonadales, Sphingobacteriales and Rhizobiales were the most abundant taxa in summer. Hence, analyses of TSP and finer PM fractions (<10 μm) showed different seasonal patterns of variation in the most abundant bacterial taxa. This suggests that the bacteria associated with particles larger than 10 μm, which are usually excluded from the analyses in all the works that consider PM10 only, significantly contribute to the structure of the entire airborne bacterial community. Sphingomonadales and Rhizobiales are typical plant-associated bacteria, while Actinobacteridae and Burkholderiales are typically found in soil. It can therefore be supposed that the relative contribution of soil and plant sources differs for bacteria associated with particles larger than 10 μm with respect to those associated with PM10. Admittedly, these speculations are only qualitative and a quantitative assessment of source contribution to the airborne communities as well as a precise knowledge of the quantitative distribution of bacteria between fine (<10 μm) and coarse (>10 μm) particles would have allowed a more detailed interpretation of these findings. Unfortunately, this information was unavailable in the present study.
In conclusion, in recent years, encouraging progress in next-generation sequencing techniques has led to an increase in our comprehension of the structure and diversity of airborne bacterial communities. The results of the present study confirmed that airborne bacterial communities showed a large variability even between consecutive days, thus suggesting that their structure mainly depends on the source of bacteria that predominates in a given period of time. In addition, a comparison of the results of the present and of a previous study conducted in the same area indicates that different bacterial communities could be found in different PM fractions, thus suggesting that a detailed investigation of the structure, temporal variability and potential sources of bacterial communities associated to PM of different sizes may disclose further insights into the ecology of bioaerosols.
